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1.1 Synthesis of Evidence

Sensory Irritation

1.1.2. Pulmonary Function



1.1.3. Immune System Effects and Asthma

This section examines the evidence pertaining to the effect of formaldehyde exposure on the induction of sensitization in non-sensitized individuals and on the elicitation of allergic response, including asthma, in sensitized individuals.  The available evidence in human general population studies and in animals indicates that formaldehyde exposure is related to allergic sensitization.  This evidence includes two studies reporting an exposure-response pattern between formaldehyde exposures and allergy in children, with exposures ranging from < 0.020 to > 0.050 mg/m3 (Garrett et al., 1999; Annesi-Maesano et al., 2012), and one study reporting an exposure-response with atopic eczema, but not with allergic rhinitis, among adults (Matsunaga et al.,2008).  Another study examined the incidence of parent-reported allergies in children, and reported an association with development of pollen allergy (but not pet allergy) in relation to school exposures from < 0.005 to approximately 0.050 mg/m3 (Smedje and Norbäck, 2001).  In animal studies, formaldehyde enhanced sensitization to other allergens (e.g., ovalbumin) when the allergen was administered to the respiratory tract but not through other routes of exposure  (Riedel et al., 1996; Gu et al., 2008; Tarkowski and Gorski, 1995; Linos dos Santos Franco et al., 2009).  

Animal and human studies also support a role of formaldehyde exposure in asthma.   This association is seen most strongly in occupational studies with relatively high exposures (e.g., 0.1 to >0.5 mg/m3) (Malaka and Kodama, 1990; Fransman et al., 2003; Herbert et al., 1994; Naghab et al., 2011).   The residential and school-based exposure studies also provide some evidence on increased asthma risk at higher exposures (i.e., above approximately 0.050 mg/m3).  In addition, there is extensive evidence of formaldehyde-induced decrements in pulmonary function in humans, as discussed in Section 1.1.2, increased pulmonary resistance in one monkey study using a methacholine testing protocol with an acute (10 minute) exposure to formaldehyde at 2.5 ppm (Biagini et al., 1989), and increased bronchoconstriction or airway hyperresponsiveness in studies in sensitized mice, rats, and guinea pigs (Liu et al., 2011; Qiao et al., 2009; Kita et al., 2003; Riedel et al., 1996).  

In addition to the topics described above, a limited number of studies relating to immunosuppression suggest that formaldehyde does not systemically suppress host resistance immunity.  No evidence of systemic immunosuppression was observed in either IgG and IgM antibody titers 3 weeks after pneumococcal and tetanus vaccination (Holmström et alra., 1989b) or in animal mortality rates following Lysteria monocytoges bacterial challenge administered through i.v. injection, in 22-month (12.6 ppm) and 21-day (15.0 ppm) inhalation exposure studies.  In contrast, an acute (4 hour and 18 hour exposure) study in female white Swiss mice observed portal-of-entry immunosuppression within the lung, as evidenced by increased survival of intrapulmonary bacteria after a Staphylococcus auterus bacterial challenge (Jakab, 1982).  The potential for a localized, portal-of-entry immunosuppressive effect in the lung could have implications for infectious diseases spread through inhalation.  This area of research warrants further development, particularly with respect to childhood respiratory illnesses (Roda et al., 2011).   



Literature Search Strategy

The primary databases used for the literature search were PubMed, Web of Science, and Toxline, with the last update of the search completed in October, 2012.  For this section, the search terms used in additional to formaldehyde focused on immune-related effects:  asthma or wheeze or respiratory or allergy or immune or sensitization (formaldehyde and (asthma or wheeze or respiratory or allergy or immune or sensitization) NOT ("formalin test" OR "formaldehyde fixation" OR "formalin fixation" OR "formalin fixed" OR "formaldehyde fixed" OR "formalin-induced" OR "formalin-evoked").  Supplemental Figure XX depicts the results of the search and screening process.  



 Human Studies

 Sensitization and Atopy

Skin prick testing is a standard method for assessing atopy used in some epidemiologic studies. Other studies use an assessment protocol based on reported history of symptoms (e.g., rhinitis, hay fever) or specific types of allergies.  Studies comparing questionnaire responses with skin prick tests in children have reported relatively high sensitivity (69 – 77%) for self-reported history of pollen or pet dander allergy (n=424, Sweden, ages 7–12 years) (Dotterud et al., 1995), but lower sensitivity (26%) when comparing  a combination of questions about various symptoms (e.g., nasal congestion in the absence of a cold or flu, with itchy eyes) (n= 2120, Switzerland, ages 7–14 years) Braun-Fahrlander et al., 1997).  EPA included studies using skin prick testing and serum IgE measures, and studies using questionnaire-based assessments of atopy in this evaluation, but considered the symptom-based questionnaires to be a less reliable outcome measure compared with skin prick tests, serum IgE, or questionnaires using history of specific types of allergy.  

Ten epidemiologic studies were identified that measured the incidence or prevalence of allergy or atopy in relation to formaldehyde exposure measured in general population adults or children; one of these (Salkie et al., 1991) is not considered further because of the potential for selection bias that could arise from the particular study population (serum IgE, pathologists; 50% participation).  The exposure measurement period in three of the residential exposure studies was relatively limited (2 hours in Hsu et al., 2011, 24 hours in Matsunaga et al., 2008 and Palczyński et al., 1999), but a 4-day period encompassing a full year (one day per season) was used in Garrett et al., 1999. Three studies used a protocol that involved skin prick testing (5–12 allergens) and measurement of weal size (Garrett et al. 1999; Palczyński et al. 1999; Herbert et al. 1994) (Table 1.1.3-1).  Other studies used outcomes based on parent report or self-report of treatment for atopic eczema or allergic rhinitis (Matsunaga et al., 2008), incidence of allergy to plants or pets (Smedje and Norbäck, 2001), history of allergy to a variety of substance (Fransman et al., 2003; Hsu et al., 2011), or rhinitis (Billionnet et al., 2011; Annesi-Maesano et al., 2012) (Table 1.1.3-2).  

There is little evidence of an association between formaldehyde exposure and allergic response at exposures below approximately 0.030 mg/m3; these lower exposure studies are generally limited in terms of length of the exposure measurement period.  The strongest study, in terms of methodological considerations, provides evidence supporting an association at higher exposures in children using skin prick testing (Garrett et al., 1999) (Table 1.1.3-1).   The exposure measurement protocol  (4 one-day samples) and use of skin prick testing for 12 allergens of Garrett (1999) give this study greater weight in the overall synthesis of this collection of studies.  An exposure-response gradient was seen in this study, with prevalence of atopy of 33, 64, and 75% across three categories of exposure (< 0.020, 0.020 – 0.050, and 0.050 – 0.139 mg/m3, trend p < 0.001) based on highest measure within the household; a similar but somewhat weaker trend was seen based on the measures taken in the bedroom (prevalence 0.50, 0.59, 0.74, trend p = 0.06).  Associations were also seen with the number of positive tests (from a mean of approximately 1.5 to 4.0 in the lowest and highest category of exposure, respectively) and with wheal size in this study.  The other studies within this set are limited by a relatively short exposure measurement period (Palcynski et al., 1999) and by the potential exclusion of sensitive individuals in the workplace and exposure to other respiratory irritants in the comparison population (Herbert et al., 1994). 

 Among the studies using an outcome classification based on symptom or allergy history, Smedje and Norbäck (2001) was the only study that examined incidence, rather than prevalence, of sensitization, with previously sensitized children (based on history of childhood eczema or allergies) excluded at baseline (Table 1.1.3-2).  The relative risk of developing pollen allergy was 1.3 (95% CI 0.95, 1.7) per 0.010 mg/m3 increase in formaldehyde levels at school; the risk of developing pet allergy was 1.1 (95% CI 0.7, 1.7).  The primary limitation of this study was that it was based on a two-day exposure measurement period (one day per year; two different years).  Another school-based exposure study reported an exposure-response between formaldehyde and symptoms of allergic rhinitis, with adjusted odds ratios of 1.0 (referent), 1.11 (0.94, 1.37) and 1.19 (1.03, 1.39, respectively, in the ≤ 0.019, > 0.019 – 0.028, and > 0.028 mg/m3 groups (Anesi-Maesano et al., 2012).  Except for one study using a two-hour exposure measurement period (Hsu et al., 2011), the other three studies in this set reported relative risk estimates above 1.0, with one of these reporting a two-fold risk of atopic eczema, but not of allergic rhinitis, in adults with exposures > 47 ppb (CONVERT to mg/m3) (Matsunaga et al., 2008).  

One other study used a prospective design to examine effects of formaldehyde exposure during a 3-month gross anatomy laboratory for medical students (Table 1.1.3-3).  The results of Hitsamitsu et al. (2011) suggest that some types of previous allergy history may be an indicator of increased nasal sensitivity from formaldehyde exposure. An increased nasal mucosal sensitivity to histamine was seen at the end of the course among the 17 students with non-seasonal allergies (e.g., mite allergy), but not among the 13 students with seasonal cedar pollen allergy or among the 11 students with no allergy history.  

Another aspect of hypersensitivity to consider is the potential to elicit a formaldehyde-specific response.  The presence of formaldehyde-specific IgE in workers occupationally exposed to formaldehyde was described in case reports (Vandenplas et al., 2004; Kim et al., 2001), but larger studies in exposed populations or in asthma patients indicate this is a relatively uncommon occurrence, seen in none or less than 5% of individuals (Hitsamitsu et al., 2011; Doi et al., 2003; Krakowiak et al., 1998; Wantke et al., 1996, 1991; Grammer et al., 1990; Thrasher et al., 1990 – short-term and former-exposure groups).  

		
Table 1.1.3-1. Allergic response (skin prick tests or serum IgE) in relation to formaldehyde exposure 





		Study and designa 

		Exposure measures

		Results



		Occupational Exposure Studies



		Herbert et al., 1994 (Canada) (Tier 2B)

Prevalence survey. Oriented strand board manufacturing (n=99). Comparison group (n=165) oil field workers, not exposed to gas or vapors.  Participation rate 98% in workers, 82% in comparison group. Mean age ~ 35 years in both groups. 

Outcome: Atopy based on skin prick tests to 6 allergens (wheat, rye, Alternaria, cat, house dust, birch)  

Analysis: External comparison, odds ratio. Dust exposure considered low; not included in analysis

		21 hours continuous area sampling, two consecutive days  (g/m3)

 Saw line, debarking   90 – 160 

 Post-heat, press conveyor, packaging, storage     200 – 290 

 Pre-heat conveyor         330

Total dust: mean 0.27 mg/m3,  

 median aerodynamic equivalent diameter = 2.5 µm 



		Atopy: prevalence  not reported

OR (95% CI)          0.75 (0.40, 1.35)



		Salkie et al., 1991 (Canada) (Tier 2C)

Prevalence survey. Pathologists recruited through mailing to lists in medical directory for Alberta, Canada (n=63); participation rate 50%. No comparison group. 

Outcome: IgE in serum

		Not measured

		Elevated IgE (> 120 lI/L) in 12 (19%)



		Residential and School Exposure Studies



		Garrett et al., 1999 (Australia) (Tier 1)

Prevalence survey, n=148 (53 asthma cases, 88 controls; combined for this analysis; some cases and controls from same household), ages 7 – 14 (mean 10.2) years

Outcome: Atopy (for n=145) based on skin prick tests to 12 allergens.

Analysis: Odds ratio, adjusted for parental asthma history, sex; other factors examined but not needed in final model (passive smoke, pets, indoor NO2, fungal spores, house dust mite allergens)

		4-day (one per season) measures in home (bedroom, living room, kitchens, outdoors).     

Median (maximum) (g/m3)   Indoor  15.8  (139)   

Outdoor 0.7  (15.3)













		Prevalence of atopy: 88/145 = 0.61

(n), proportion with atopy by exposure category based on highest recorded area: 

 <20 g/m3          (31)   0.33   

 20 – 50 g/m3    (76)   0.64   

 50 – 139 g/m3 (41)   0.75  (trend p < 0.001)

OR 1.42 (0.99, 2.04) per 20 g/m3 increase 

Geometric mean formaldehyde higher in children with atopy (38.3) compared with no atopy  (28.6); 

Additional analyses: increased number of allergens, size of weal with increased exposure.



		Palczyński et al. 1999 (Poland) (Tier 2B)

Prevalence survey, n=278 adults ages 16–65; n = 186 children ages 5 – 16 from 120 households with children (random selection from 10-year old apartment houses). Participation rate not reported. 

Outcome: Allergy based on skin prick tests (SPT) to 5 allergens (dust, dust mites, feathers, grasses); serum IgE

Analysis: Contingency tables

		24-hour household sample (area not specified)

Mean (± SD) (minimum, maximum) g/m3

25.9 (± 10.98) (2.0, 66.8) 

2% > 50.0 

		                                 Positive         IgE

Adults                (n)    SPT    (> 100kU/L) 

  Total              (278) 29.5%     26.3%

  < 25 g/m3   (142)  29.6%     26.1%

  25–50           (131)  28.2%     25.6%

  50.1 – 66.8      (5)   60.3%     40.0%

Children 

  Total             (186)  31.7%      35.5%

  < 25 g/m3   (101)  34.7%      37.6%

  25–50               (82)   28.0%     32.9%

  50.1 – 66.8      (4)    25.0%     25.0%



		a “Tier” reflects evaluation of confidence in study results based on evaluation of risk of specific types of bias.  Details of evaluation shown in Supplemental Material Appendix Table XX-1.








		Table 1.1.3-2. Allergic response based on allergy history in relation to formaldehyde exposure





		Study and designa 

		Exposure measures

		Results



		Occupational Exposure Studies



		Fransman et al., 2003  (New Zealand) (Tier 2B)

Prevalence survey.  Plywood mill workers, n=112. Participation rate 66%. Mean age 34.5, 71% men, mean duration 4.7 years.  

Outcome: Self-report, allergy symptombs based on sensitivity to house dust, food, animals or grasses/plants. 

Analysis: Odds ratio, adjusted for age, sex, ethnicity, smoking. Internal comparison by exposure category limited to workers with same job titles as those with the 22 air sample measurements.  Dust not related to high formaldehyde exposure

		Exposure data: Personal samples (15-minute samples) in jobs held by 49 workers: (n), geometric mean (± geometric standard deviation) (g/m3)

all         (22)  80 (3000)  

dryers (14)   70 (3200)(one outlier)

pressing (5) 160 (2700)

other areas 30 – 40 g/m3 

(at or near detection limit)

Total inhalable dust (full shift personal samples): geometric mean 0.7 mg/m3

		Prevalence in low (< 80 g/m3, n=38) and high (> 80 g/m3; n=11) exposure category;  

   Allergy symptoms   31.6%, 45.5%    

OR (95% CI) (> 80 vs. < 80 g/m3): 

  Allergy symptoms   2.4 (0.5, 11.8) 

Not clear if these specific symptoms were or were not related to other exposures (e.g., dust, endotoxin)



		Residential and School Exposure Studies



		Smedje and Norback, 2001(Sweden) (Tier 2B)

Prospective (incidence) study, children  1,258 without asthma or allergy at baseline, 88  incident cases of pollen allergy and 50 incident cases of pet allergy in 4-year follow-up; 78% participation in follow-up, mean age 10.3 years at baseline. School-based sample; 1st, 4th, and 7th grades. 

Outcome: Parent report, hay fever/pollen allergy or pet dander allergy. 

Analysis: Odds ratio, adjusted for sex, age, history of atopy, smoking

Related Reference: Smedje and Norback, 1997

		Two 4-hour samples in 2-5 classrooms per school; measured in 1993 (n=98) and 1995 (n=101)

mean 8 g/m3, geometric mean 4 g/m3, (min, max) (<5, 72) g/m3. 54% of 1993 samples and 24% of 1997 samples were below detection limit (5 g/m3); median among those above detection limit = 10 g/m3.  Individual student values were based on average of 1993 and 1997 classrooms (< 5 to 42 g/m3) (Information on percent below detection limit and individual student exposures provided in email from Dr. Greta Smedje to Glinda Cooper, March 22, 2012)

		RR (95% CI) per 10 g/m3, 

  Pollen allergy:  1.3 (0.95, 1.7)

  Pet allergy:       1.1 (0.7, 1.7)

 



		Annesi-Maesano et al., 2012  France (Tier 2B)

Prevalence survey, n=6,683, ages 9-10 years, participation rate 69%.  Sampling from 108 schools, all classes of specified grade level per school.

Outcome: Parent-report, sneezing and runny nose, with itchy eyes, without a cold, in past 12 months. 

Analysis: Odds ratio, adjusted for age, gender, passive smoking, maternal and paternal history of asthma and allergic diseases

		5-day samples in classrooms

Median (75th percentile) 27 (34) g/m3 (estimated from figure). 

		Prevalence 7.2%, 

OR (95% CI) (adjusted)

  ≤ 19.1 g/m3    1.0   (referent)

  > 19.1 – 28.4      1.11 (0.94, 1.37)

  > 28.4 – ~55      1.19 (1.03, 1.39)

 



		Matsunaga et al. 2008 (Osaka, Japan) (Tier 2B)

Prevalence survey.  Adults, n=998 women, median 17th week of pregnancy, median age ~ 30.  Recruited through obstetric clinics and public health nurses. 

Outcome: Self-report, treatment for specified condition (atopic eczema or allergic rhinitis) in past 12 months. 

Analysis: Odds ratio, adjusted for age, gestation, parity, family history (of asthma, atopic eczema, allergic rhinitis), smoking status, current passive smoking at home and work, mold in kitchen, indoor domestic pets, dust mite antigen level, family income, education, and season of data collection

		24-hour personal sample 

Median 24, maximum 131 ppb

Cut-points based on 30th, 60th, and 90th percentiles (< 18, 18-27, 28-46, and ≥ 47 ppb)

EPA conversion of category midpoints:   ppb      g/m3

                     22.5        30

                     37           49

                     60           74

(Information provided in email from Dr. Matsunaga to Glinda Cooper, March 15, 2012)

				ppb

		n

		OR

		(95% CI)



		Atopic eczema (5.7% prevalence)



		< 18

		298

		1.0

		(referent)



		18 – 27     

		299

		1.03

		(0.47, 2.29)



		28 – 46     

		301

		1.11

		(0.50, 2.42)



		47– 131    

		100

		2.36

		(0.92, 6.09)



		(trend p-value)

		

		(0.08)



		47 to 131 vs. < 47  

		2.25

		(1.01, 5.01)



		per 10 ppb   

		1.16

		(0.99, 1.35)



		Allergic rhinitis (14.0% prevalence)



		< 18

		298

		1.0

		(referent)



		18 – 27     

		299

		1.06

		(0.65, 1.73)



		28 – 46     

		301

		0.85

		(0.51, 1.40)



		47– 131    

		100

		1.17

		(0.60, 2.28)



		(trend p-value)

		

		(0.91)



		47 to 131 vs. < 47  

		1.22

		0.68, 2.20)









		Billionnet et al., 2011 (France) (Tier 2A)

Prevalence survey, n= 1012 adults from 490 dwellings (drawn from nationally representative sample; 13.6% participation rate), Median age 44 (15–89); 48% men

Outcome: Self-report, wheezing, running or blocked nose without cold or respiratory infection, in past 12 months

Analysis: Odds ratio, adjusted for age, gender, smoking, education, relative humidity, time of survey, pets, mold, outdoor pollution measures

		One-week sample in bedroom

Median, 75th percentile (minimum, maximum)

19.4, 28.0 (1.3, 86.3) g/m3

		Prevalence of rhinitis  38.3%

OR (95% CI), above versus below 75th percentile:

28 to 86.3  vs. < 28 g/m3  

          1.14 (0.8, 1.6)





		Hsu et al., 2011 (Taiwan) (Tier 2B)

Case-control study, n=84 cases (48 allergic rhinitis, 36 eczema), 42 controls, recruited through kindergartens and day care centers, ages 3–9 years at enrollment. Participation rate 27% cases, 11% controls). 

Outcome: Initial screening through parent report of history (ages 2–6) with confirmation by clinical examination 

Analysis: Mann-Whitney U-test

		2 hour household sample (bedroom) 

Median (25th, 75th percentile)

Controls 13.8 (4.3, 24.6) ppb





		Formaldehyde concentrations lower in cases than in controls:

(n) Median (25th, 75th percentile) ppb

Controls            (42) 13.8    (4.3, 24.6) 

Allergic rhinitis (48)   4.3    (4.3, 15.7)

                                                 (p = 0.02)

Eczema              (36)   5.2    (4.3, 14.5)

                                                  (p=0.07)





		a “Tier” reflects evaluation of confidence in study results based on evaluation of risk of specific types of bias.  Details of evaluation shown in Supplemental Material Appendix Table XX-1.



		

Table 1.1.3-3. Allergic response based on nasal mucosa testing in humans in relation to formaldehyde exposure 





		Study and designa 

		Exposure measures

		Results



		Hisamitsu et al., 2011 (Japan) (Tier 1)

Prospective study, n=41 medical students in 3-month anatomy laboratory (17 with perennial mite allergy only; 13 with seasonal cedar allergy, with or without perennial allergy, 11 with no allergy history)

Outcome: Amount of nasal discharge over 10 minutes after histamine challenge, assessed at beginning and end of course (histamine dihydrochloride in saline, 10, 100, 1000, 2,500, 5000, 10,000 g/ml)

Analysis: Pre-post comparisons (paired t-test)

		At center of lab:

mean 670, range 510 – 997 ppb 

At corners of lab:

mean 440, range 220 – 700 ppb 





				Amount of post-challenge nasal secretion 



		Beginning of course

		

End of course

		

(p-value)



		Non-seasonal allergy (n=17)



		  0.678 ± 0.571

		1.090 ± 0.772

		(0.0063)



		Cedar allergy and non-seasonal allergy (n=8)



		  1.865 ± 1.306

		1.262 ± 0.922

		(0.011)



		Cedar allergy only (n=5)



		  2.544 ± 1.207

		1.766 ± 2.829

		(0.21)



		No allergy history (n=11)



		  0.760 ± 0.483

		0.736 ± 0.638

		(0.46)





No change in serum IgE (data not reported in paper); 1 student developed formaldehyde-specific IgE



		a “Tier” reflects evaluation of confidence in study results based on evaluation of risk of specific types of bias.  Details of evaluation shown in Supplemental Material Appendix Table XX-1.







Asthma

Asthma affects approximately 5–10% of the United States population, and results in a  significant individual and societal burden in terms of morbidity, health care costs and indirect costs (e.g., due to absences from work) (Bahadori et al., 2009; Shenolika et al., 2011).   The potential for formaldehyde to induce asthma has been described in case reports from occupational settings spanning several decades (see for example, Stenton and Hendrick, 1994; Nordman et al. 1985; Popa et al., 1969; Nova and Touraine, 1957; Paliard et al., 1949; Vaughan, 1939).  Characterization of this risk on a population level requires more extensive evaluation.  Epidemiologic studies have investigated potential associations between formaldehyde and asthma in children and in adults, using formaldehyde measurements conducted in occupational, residential, and school-based settings. The outcomes studied include the incidence of asthma, prevalence of asthma, and symptom exacerbation and altered lung function in people with asthma.  

[bookmark: OLE_LINK10]	 

Asthma Prevalence and Incidence Studies

The epidemiologic studies of asthma typically use a questionnaire-based approach to define asthma based on symptoms (usually defined as “current” or in the past year) relating to wheezing episodes, shortness of breath, and reported history of asthma attacks or use of asthma medication.  Most of the studies identified in this review used a classification scheme based on the American Thoracic Society questionnaire (Ferris, 1978) or subsequent instruments that built upon this work.  These questionnaire-based approaches have been found to have an adequate level of specificity and positive predictive value for use in etiologic research (Burney et al., 1987;1989; Pekkanen and Pearce, 1999; Ravault and Kauffmann, 2001).   Some prevalence studies included results for more than one outcome measure; in these situations, EPA preferred outcomes that were clearly described and defined  over a recent time period (e.g., symptoms in the past 12 months) over outcomes defined over a lifetime (e.g., ever had asthma).  The asthma classification in Matsunaga et al. (2008) was based on a single question on use of asthma treatment in the past year.  The resulting prevalence of asthma based on this definition was lower than found in a study by Miyake et al. (2011) which was conducted in a similar population (women enrolled in a pregnancy cohort in Japan) and used a broader definition based on symptoms and medication use (asthma prevalence 2.1% and 5.5%, respectively, in Matsunaga et al. [2008] and Miyake et al. [2011]).  The study by Venn et al. (2003) included cases of “persistent wheeze” (evaluated on two occasions approximately three years apart), with a validation by a comparison with medical records.  EPA did not consider either of these definitions to be a basis for excluding these studies since whatever inaccuracy would be introduced by these measures would not be likely to be related to exposure measures and thus would be unlikely to produce an inflated (i.e., false positive) effect estimate. 

The occupational exposure literature includes three studies of plywood and other layered wood manufacturing workers in New Zealand, Indonesia, and Canada and one study in a melamine formaldehyde resin plant; each of these studies included between 70 and 112 exposed workers (Table 1.1.3-4).  Exposure levels varied by work area, but generally ranged from 0.100 to > 0.500 mg/m3.  A greater than 3-fold increased risk of asthma (or wheezing symptoms) was seen in each of these studies.  One of the wood worker studies addressed potential confounding by dust exposure by the inclusion of this variable in the analysis (Malaka and Kodama, 1990), and another study specifically noted that the measured dust levels were not related to high formaldehyde exposure and that the asthma symptoms were not strongly related to other exposures including endotoxin measures (Fransman et al., 2003).  Two primary factors went into the classification of these studies into the “potential attenuation” category (Tier 2B).  All of the studies were prevalence surveys, which could be biased by the loss of affected individuals from the workforce.  In addition, in two of the studies, the comparison group included workers who may have also been exposed to respiratory irritants.  This reduces the possibility that the observed associations were influenced by differential reporting of asthma among the exposed, and also raises the possibility that the relative risk estimated against this comparison group underestimates the risk that would be represented by a comparison with a population that does not have these other exposures. Given the strength of the relative risks, the consistency of the associations seen in the three different workplaces and populations, and the likelihood that the observed associations were underestimates of the true associations (e.g., because of the “healthy worker effect” inherent in these prevalence studies), these studies collectively support a strong association between formaldehyde concentrations above 0.100 mg/m3 in occupational settings and increased prevalence of asthma. 

Exposure levels in the five studies examining prevalence of asthma among adults in relation to residential exposures are lower than in the occupational studies, with average levels generally between approximately 0.020 and 0.030 mg/m3 and with few (< 5%) values in any study above 0.060 mg/m3 (Table 1.1.3-5).  The estimated power to detect a relative risk of 1.5 in Billionnet et al. (2011) was 0.60, higher than the values of 0.25 to 0.35 estimated for the other studies, but still low enough to be considered a limitation (Appendix Table XX).   Despite the limited power of these studies, they suggest that an increased asthma risk begins to be seen above approximately 0.050 mg/m3. 

The overall pattern across studies can also be seen in the depiction of the full collection of occupational and non-occupational studies in adults, shown in Figure 1.1.3-1. Because of the wide range in exposure levels among these studies, the x-axis has been divided into two pieces so that both sets of studies can be seen.  

Six studies of asthma prevalence in children examined residential formaldehyde exposure and four studies (one incidence study and three prevalence studies) examined school-based exposure measures (see Table 1.1.3-6 and 1.1.3-7, respectively, for study details).   These studies are depicted in Figure 1.1.3-2, with separate panels for the studies using a categorical and a continuous exposure analysis.  As with the studies in adults, there are few studies in children with exposures above 0.060 mg/m3, and the estimated power of these studies to detect a relative risk of 1.5 was low (ranging from 0.10 to 0.45 in the residential studies). Some of these studies also used relatively short exposure measurement periods (i.e., 2-24 hours).  

Most of the adult and child residential exposure studies used relatively long exposure measurement periods (≥ 3 days), but more limited periods were used in the school-based studies.  Exposure levels in many of the shorter duration residential studies (2 hours to 3 days) were in the lower range (< 0.050 mg/m3) with higher exposures seen in the longer duration studies (4 or more days) (Figure 1.1.3-3). The “negative” (i.e., relative risks ≤ 1.0) studies are generally those with the shorter exposure measurement periods.  Thus in both the adult and the children studies, although there is little evidence of an association at exposures below 0.030 mg/m3, the low statistical power and limited exposure measurement periods used in many of the studies in this exposure range indicates that these studies do not provide an adequate basis for establishing the presence or absence of risk in the lower exposure range. 

















[bookmark: OLE_LINK7][bookmark: OLE_LINK2]Figure 1.1.3-1. Relative risk estimates for prevalence of asthma in adults in relation to formaldehyde by exposure level in occupational and residential studies.   The x-axis has been split in into two pieces so that both sets of studies can be seen; occupational study details are described in Table 1.1.3-4 and residential study details described in Table 1.1.3-5. Results from the ≥ 0.050 mg/m3 exposure group in Palczyński et al. (1999) are not graphed because only 5 or fewer individuals were in this group.   Black = Tier 1 studies; grey = Tier 2A or 2B studies.  Krzyzanowski et al., 1990 reported as “not significant” without numeric results (Tier 1B); this is graphed as relative risk = 1.0 with estimated confidence intervals spanning from 0.3 to 10 shown by a dashed line.






[bookmark: OLE_LINK4]Figure 1.1.3-2. Relative risk estimates for prevalence or incidence of asthma in children in relation to formaldehyde by exposure level. A) Studies analyzing associations by categorical exposure variable; study details described in Table 1.1.3-6 or 1.1.3-7. B) Studies analyzing associations by continuous exposure variable; RR (per 10 g/m3 increase) plotted at 0.010 mg/m3 below the maximum value based on the assumption that the upper end of the observed data would be most influential on the regression estimate; study details described in Table 1.1.3-7.  Black = Tier 1 studies; grey = Tier 2A or 2B studies.  Garrett et al. (1999) results reported as “not significant” without numeric results; this is graphed as relative risk = 1.0 with estimated confidence intervals spanning from 0.3 to 10 shown by a dashed line.  For Hsu et al. (2011), EPA estimated OR = 0.2 based on proportions above 14 ppb in controls (approximately 50%) and asthma cases (approximately 10%). 











[bookmark: OLE_LINK3]Figure 1.1.3-3. Relative risk estimates for prevalence of asthma in adults and children in relation to residential formaldehyde by exposure level and exposure measurement period.  Krzyzanowski et al. (1990) (adult data) and Garrett et al. (1999) results reported as “not significant” without numeric results; these are graphed as relative risk = 1.0 with estimated confidence intervals spanning from 0.3 to 10 shown by a dashed line.  Study details described in Table 1.1.3-5 and 1.1.3-6.  

   








	Modifying Factors Affecting Sensitization

Asthma and atopic sensitization are hypothesized to be affected by a combination of genetic and environmental factors.  Several of the sensitization and asthma studies included analyses pertaining to effect modification by factors that may help elucidate pathogenesis and susceptibility. In the study of adult women by Matsunaga et al (2008), the association between use of medication for atopic eczema and formaldehyde exposure was stronger among women with no family history of allergy (OR 2.96, 95% CI 0.87, 10.12) (defined as parent or sibling with doctor-diagnosed asthma, atopic eczema or allergic rhinitis) compared with women with a family history of allergy (OR 1.63, 95% CI 0.58, 4.57) at exposures of 47 to 131 ppb compared with < 47 ppb.  The pattern across exposure levels also revealed an increase in risk of atopic eczema at lower exposures in the negative family history group (OR 1.37, 1.88 and 4.21) compared with the positive family history group (OR 0.80, 0.92 and 1.45) (Figure 1.1.3-4A).  In the study of asthma incidence in relation to formaldehyde measures in school by Smedje and Norbäck (2001), the weak overall association between formaldehyde and asthma (OR 1.2, 95% CI 0.8, 1.7) reflected a stronger association among children with no history of atopy (OR 1.7, 95% CI 1.1, 2.6) (defined at baseline as a positive response to questions on childhood eczema, allergy to pollens and allergy to pet dander) and the absence of an association among those with a positive history (OR 0.6, 95% CI 0.3, 1.3) (Figure 1.1.3-4B).  This pattern was not seen, however,  in the study by Annesi-Maesano et al. (2012).  In Garrett et al. (1999), stratification by parental history of asthma revealed that the difference in formaldehyde exposure between atopic and nonatopic children was strongest in those without a history of asthma in either parent (n=109, difference in medians 7.5 g/m3, p = 0.02), and was not seen in children whose parents had asthma (n = 39, difference in medians = 1.6 g/m3, p = 0.65).  This pattern was not seen, however, with stratification of parental history of allergy.  Examination of the presence of interactions and the factors contributing to them requires large studies designed to test specific hypotheses; thus additional research is needed to follow-up on these results.  

 Tobacco smoke represents an environmental modifying factor that may increase the incidence of hypersensitivity responses in formaldehyde-exposed individuals.  Two of the studies included IgE or asthma analyses stratified by environmental tobacco smoke exposure among children and adults (non-smokers) (Palczyński et al. 1999; Krzyzanowski et al. 1990).  There is some evidence of effect modification by environmental tobacco smoke (stronger associations, or associations seen at lower formaldehyde exposures), seen with this co-exposure, but additional studies are needed to establish if this interaction is seen in only in children, in adults and children, or in neither group. 







[bookmark: OLE_LINK5]Figure 1.1.3-4. Examination of effect modification by family or personal history of atopy. A) Relative risk of prevalence of atopic eczema in adults (Matsunaga et al., 2008); study details in Table 1.1.3-5.  B) Relative risk of incidence of asthma in children (Smedge et al., 2001); study details in Table 1.1.3-7.

		
Table 1.1.3-4.  Prevalence of asthma in relation to occupational formaldehyde exposure in wood workers





		Study and designa

		Exposure measures

		Results



		Malaka and Kodama, 1990 (Indonesia) (Tier 2B)

Prevalence survey, plywood workers, n=93 exposed (93% participation rate), 93 unexposed from same plant, matched by age, ethnicity, smoking history (all men). Mean age ~ 27 years, mean duration 6 years

Outcome:  American Thoracic Society (1978) questionnaire. Asthma based on “ever had attack of wheezing that made you feel short of breath?”; occupational asthma not defined. 

Analysis: Odds ratio, adjusted for age, smoking, dust

		Personal and area samples (duration not reported) 

 (n) mean, (minimum, maximum) by area (ppb)

Plywood, particle board and block board:   910 (220, 3480)

Other (“unexposed”):   ≤ 70

EPA conversion:   ppb      g/m3

                               220        291

                               910      1200

                             3480     4600



		Prevalence in exposed workers, comparison group

  Asthma                         30%, 8%

  Occupational asthma 14%, 8%

OR (95% CI): 

  Asthma 

     6.31 (not reported) (p < 0.01)

  Occupational asthma

    2.84 (not reported) (p = 0.02)



		Fransman et al., 2003 (New Zealand) (Tier 2B)

Prevalence survey.  Plywood mill workers, n=112. Participation rate 66%. Mean age 34.5, 71% men, mean duration 4.7 years. Internal comparison by exposure level and external comparison group (n = 415) from general population (random sample) surveys in the study area

Outcome: Current use of asthma medications or history in past 12 months of an asthma attack or being woken by shortness of breath 

Analysis: Odds ratio, adjusted for age, sex, ethnicity, smoking. Internal comparison by exposure category limited to workers with same job titles as those with the 22 air sample measurements

		Personal samples (15-minute samples) in jobs held by 49 workers.  

(n), geometric mean (± geometric standard deviation) (g/m3):

all             (22)    80 (3000) 

 dryers       (14)    70 (3000)

 pressing      (5)  160 (2700)

other areas 30 – 40 g/m3 (at or near detection limit)

 Total inhalable dust: geometric mean 0.7 mg/m3

Dust levels highest among composers (geometric mean 1.6 mg/m3); formaldehyde levels in this group were < detection limit (30 g/m3) (bases on 2 samples)

		Prevalence of asthma in exposed workers, comparison group 20.5%, 12.5%

 (n)   OR (95% CI), adjusted for age, sex, ethnicity, smoking: 

All workers     (112) 1.5 (0.9, 2.8)

By duration:

 < 2 years     (34)    0.5 (0.2, 1.7)

 2–6.5 years  (39)   1.0 (0.3, 2.7)

 > 6.5 years   (39)   3.1 (1.3, 7.2)

By category: 

Low (< 80 g/m3) (38) 1.0 (referent)

High (> 80 g/m3) (11) 4.3 (0.7, 27.7)

Weaker association with terpenes (OR 2.0 for high vs low exposure); no association with other exposures (e.g., dust, endotoxin) examined in this study.



		Herbert et al., 1994 (Canada) (Tier 2B)

Prevalence survey. Oriented strand board manufacturing (n=99). Comparison group (n=165) oil field workers, not exposed to gas or vapors.  Participation rate 98% in workers, 82% in comparison group. Mean age ~ 35 years Outcome: International Union Against Tuberculosis and Lung Disease (1986) questionnaire (symptoms last 12 months). 

Analysis: External comparison, odds ratio, adjusted for age, smoking. Dust exposure considered low; not included in analysis

		21 hours continuous area sampling  on  two separate days (g/m3)b

Saw line, debarking   90 – 160 

Post-heat, press conveyor, packaging, storage     200 – 290 

Pre-heat conveyor         330



Total dust: mean 0.27 mg/m3

Median aerodynamic equivalent diameter = 2.5 µm





		Prevalence in exposed workers, comparison group

Asthma                  13.3%,  3.0% 

Wheeze attacks     25.3%,  9.7%   

Woken by shortness of breath   

                              8.1%,  1.2%

OR (95% CI)

Asthma                5.48 (1.85, 16.2)

Wheeze attacks   3.34 (1.66, 6.73)

Woken by shortness of breath 

                         6.78 (1.40, 32.7)



		Neghab et al., 201122 Iran (Tier 2B)

Prevalence survey, melamine-formaldehyde resin plant, n=70 exposed, 24 unexposed (office workers from same plant, no present or past exposure to formaldehyde or other respiratory irritant chemicals) (all men).  Similar demographics, smoking history. Participation rate 100%. Duration ≥ 2 years

Outcome: American Thoracic Society (1978) questionnaire, wheezing symptoms

Analysis: Odds ratio

		Area samples (40 minutes) in 7 workshops and 1 area sample in office area.   Exposed (mean ± SD) 780 (± 400) ppb; unexposed non-detectable

		Prevalence in exposed workers, comparison group: 

  Wheezing symptoms 48.6%, 8.3%;

OR (95% CI not reported)  OR 10.4  (p = 0.001)

(Confidence intervals for graphing calculated from contingency table analysis)



		a “Tier” reflects evaluation of confidence in study results based on evaluation of risk of specific types of bias.  Details of evaluation shown in Supplemental Material Appendix Table XX-1.



		

Table 1.1.3-5. Prevalence of asthma in adults in relation to residential formaldehyde exposure





		Study and designa

		Exposure measures

		Results



		Krzyzanowski et al., 1990 (United States, Arizona) (Tier 1B)

Prevalence survey, adults (n=613 ages > 15, mean 37) and children (n=298 ages 5–15, mean 9.3) from 202 households (stratified sample from municipal employees). Participation rate not reported. 67% whites

Outcome: Asthma and symptoms based on American Thoracic Society (1978) questionnaire (physician diagnosed)

Analysis: Log-linear models, stratified by environmental tobacco smoke, adjusted for socioeconomic status, ethnicity

Related references: Quackenboss et al.  1989a,b

		Two one-week samples (opposite seasons) in kitchen, living area, and bedroom.

Household: mean 26 ppb

                < 40 ppb     83.7%

                 40 – 60      10.0%

                 60 – 140       6.3%

Similar distribution from kitchen samples; only a few values about 90 ppb.

EPA conversion of midpoint: 

 ppb      g/m3

75           92

		Adult results: incomplete reporting (Tier 1B)

Prevalence of asthma                  12.9%

     wheeze without a cold           21.5%

     shortness of breath with wheezing    14.0%

Reported as “not significantly related” but rates of wheeze was “somewhat higher” with higher exposure



Children results described in Table 1.1.4-3.



		Billionnet et al., 2011 (France) (Tier 2A)

Prevalence survey, n= 1012 adults from 490 dwellings (drawn from nationally representative sample; 13.6% participation rate), Median age 44 (15–89); 48% men.

Outcome: Asthma based on self-report, asthma attack, woken by shortness of breath, or currently using asthma medication in past 12 months,

Analysis: Odds ratio, adjusted for age, gender, smoking status, relative humidity, mold, pets, outdoor sources of pollution within 500 meter radius, highest education level in household, time of data collection 

		One-week sample in bedroom

Median, 75th percentile (minimum, maximum)

19.4, 28.0 (1.3, 86.3) g/m3

		Prevalence of asthma   8.6%

OR (95% CI), adjusted for multiple risk factors, above vs below 75th percentile:

28 –  86.3  vs. < 28 g/m3  

    1.43 (0.8, 2.4)

(Confidence intervals estimated from graph)



		Matsunaga et al. 2008 (Japan) (Tier 2B)

Prevalence survey.  Adults, n=998 women, mean 17th week of pregnancy, median age ~ 30.  Recruited through obstetric clinics and public health nurses. Osaka prefecture, Japan

Outcome: Self-report, treatment for asthma in past 12 months 

Analysis: Odds ratio, adjusted for age, gestation, parity, family history (of asthma, atopic eczema, allergic rhinitis), smoking, passive smoking, mold in kitchen, indoor domestic pets, dust mite antigen level, family income, education, season of data collection

		24-hour personal sample 

Median 24, maximum 131 ppb

Cut-points based on 30th, 60th, and 90th percentiles (< 18, 18-27, 28-46, and ≥ 47 ppb)

EPA conversion of category midpoints:   ppb      g/m3

                     22.5        30

                     37           49

                     60           74

(Information provided in email from Dr. Matsunaga to Glinda Cooper, March 15, 2012)

				ppb

		n

		OR

		(95% CI)



		Asthma (2.1% prevalence)



		< 18

		298

		1.0

		(referent)



		18 – 27     

		299

		0.80

		(0.23, 2.84)



		28 – 46     

		301

		0.72

		(0.19, 2.77)



		47– 131    

		100

		2.15

		(0.41, 11.3)



		(trend p-value)

		

		(0.47)



		47 to 131 vs. < 47  

		2.65

		(0.63, 11.1)









		Palczyński et al. 1999 (Poland) (Tier 2B)

Prevalence survey, n=278, ages 16–65 and n=187, ages 5 – 15 years from 120 households with children (random selection, 10-year old apartments). Participation rate not reported. 

Outcome: Asthma based on American Thoracic Society (1978) questionnaire (physician-diagnosed asthma)

Analysis: Contingency tables

		24-hour household sample (area not specified)

Mean (± SD) (minimum, maximum) 

25.9 (± 10.98) (2.0, 66.8) g/m3

2% > 50.0 g/m3

		Adult results: Asthma prevalence   5.8%

Exposure category, (n) asthma prevalence:

All adults  < 25 g/m3 (142)   6.3%

               25 – 50           (131)  4.6% 

               50.1 – 66.8        (5)  20.0%



Children results described in Table 1.1.4-3. 



		Yeatts et al., 201225  United Arab Emirates (Tier 2C)

Prevalence survey, n=1,590 (1,007 ages 19 – 50, 583 ages 6 – 18 years from 628 nationally representative sample of household (75% household participation)

Outcome: Asthma, wheeze symptoms based on several standardized questionnaires

Analysis: Odds ratio, adjusted for sex, urban/rural area, age group, household tobacco smoke

		7 day sample (living room)

 71% < limit of detection (6 ppb); 95th percentile 48 ppb

Correlation with sulfur dioxide relatively high (r = 0.63)

		Prevalence

  asthma (doctor-diagnosed) 8.2%

OR (95% CI) (adjusted; estimated from figure)

  1.2 (0.7, 2.2)

Highest ORs for some of the wheezing and other symptoms, but unclear how missing data were treated in the analysis  





		a “Tier” reflects evaluation of confidence in study results based on evaluation of risk of specific types of bias.  Details of evaluation shown in Supplemental Material Appendix Table XX-1. The Tier 2C study is not included in figures.










		
Table 1.1.3-6. Prevalence of asthma in children in relation to residential formaldehyde exposure





		Study and designa

		Exposure measures

		Results



		Krzyzanowski et al., 1990 (United States, Arizona) (Tier 1)

Prevalence survey, adults (n=613 ages > 15, mean 37) and children (n=298 ages 5–15, mean 9.3) from 202 households (stratified sample from municipal employees). Participation rate not reported. 67% whites

Outcome: American Thoracic Society (1978) questionnaire (physician diagnosed)

Analysis: Log-linear models, stratified by environmental tobacco smoke, adjusted for socioeconomic status, ethnicity

Related references: Quackenboss et al.  1989a,b

		Two one-week samples (opposite seasons) in kitchen, living area, and bedroom.

Household: mean 26 ppb

                < 40 ppb     83.7%

                 40 – 60      10.0%

                 60 – 140       6.3%

Similar distribution from kitchen samples; only a few values about 90 ppb.

EPA conversion of midpoint: 

 ppb      g/m3

75           92

		Children results: 

Prevalence: asthma , current (physician-diagnosed)  15.8%

wheeze without a cold               15.4%

(n), asthma prevalence by exposure category,  

 < 40 ppb              (248) 11.7%

     41 – 60             (24)    4.2% 

     60 –  140          (21)  23.8%  

    (trend p < 0.03)



Adult results described in Table 1.1.4-2.



		Tavernier et al., 2006 (United Kingdom) (Tier 1)

Case-control, n=105 cases, 95 controls (from two primary care practices, age- and sex-matched), ages 4–16 years, lower socio-economic status. Participation rate 50%

Outcome: Asthma based on validated screening questionnaire (84% positive predictive value). 

Analysis: Odds ratio, conditional logistic regression , adjusted for measured exposures (e.g., endotoxin, Der p 1, particulate matter) and other risk factors

Related Reference: Gee et al., 2005

		5-day sample in living room and bedroom.  Median (ppb)   

Living room 30, Bedroom  40

Weak correlation (Spearman r ranged from –0.12 to 0.03) with other exposures (particulate matter, NO2, respirable suspended particles) 

EPA conversion of midpoint: 

 (bedroom):   ppb      g/m3

                        60          79

		OR (95% CI), by exposure tertile (exposure levels not reported)

                Living room:         Bedroom

Lowest  1.0 (referent)       1.0 (referent)

Middle  0.82 (0.33, 2.05)  1.26 (0.47, 3.40)

Highest 1.22 (0.49, 3.07)  0.99  (0.39, 2.52)

EPA estimated exposure range by category, bedroom:

Lowest       < 30   ppb

Middle    30 – 50 

Highest  50  – 70



		Hulin et al., 2010 (France) (Tier 1)

Case-control (n=32 urban cases, 31 urban controls; n=24 rural cases, 24 rural controls), mean age 12.5 years. Drawn from previous school-based surveys.  Participation rates 22% and 13% in urban cases and controls, 52% and 75% in rural cases and controls, respectively. 

Outcome: Parent report of child’s history of asthma, use of asthma medications, or wheezing in past 12 months. 

Analysis: Odds ratio, adjusted for age, sex, family history of allergy, passive smoke exposure during childhood, and allergic rhinitis

		7-day sample in living room

Median (minimum, maximum) g/m3

Total (n=112)  19.2 (3.7, 75.1)

Urban, winter (n=36) 

                      20.3 (6.7, 75.1)

Urban, summer (n=27) 

                      20.6 (3.7, 60.3)

Rural, summer (n=49)

                      15.7 (4.8, 63.1)

		Median (minimum, maximum) formaldehyde 

  cases        19.8 (5.8, 75.1) g/m3

  controls   17.2 (3.7, 50.8) g/m3

Current asthma OR (above versus below median)

  Total sample: 1.7 (0.7, 4.4)

  urban OR = 0.24 (0.05, 1.5)

  rural  OR = 9.0 (1.0, 100)

  (interaction p≤ 0.05)

(Confidence intervals estimated from graph)



		Garrett et al., 1999 (Australia) (Tier 1B)

Case-control. 53 cases (physician diagnosis), 88 controls (no asthma diagnosis) from 80 households (some cases and controls from same household), ages 7 – 14 (mean 10.2) years

Outcome: Parent report, doctor-diagnosed asthma and respiratory symptom questionnaire

Analysis: Odds ratio, adjusted for parental asthma history, sex

		4-day (one per season) measures in home (bedroom, living room, kitchens) and outdoors.     

Median (maximum) (g/m3)

  Indoor  15.8  (139)

  



		Incomplete reporting of results

(n), proportion with asthma (overall proportion 53/148 = 0.36):                                       

 <20 g/m3         (31)   0.16   

20 – 50                (76)   0.39   

50 – 139              (41)   0.44  

(trend = 0.02)

Adjusted results reported as “not statistically significant” (numeric results not reported)  



		Venn et al., 2003 (United Kingdom) (Tier 2B)

Nested case-control, n=190 persistent wheeze cases, 214 controls, ages 9 – 11 years.  Participation rate 79% among cases, 59% among controls 

Outcome: Parent report,  wheeze in past year (1995-1996 and 1998), validated by medical records for 115 cases and 164 controls.  

Analysis: Odds ratio, adjusted for age, sex, socioeconomic status

		3 day samples in bedroomb

Median ~ 22 µg/m3

Median in top quartile 41.0 µg/m3

(Maximum and median in top quartile provided in email from Dr. Venn to Glinda Cooper, March 29, 2012)

		(n cases), OR (95% CI):

< 16          µg/m3   (49)   1.0   (referent)

20 – 22    µg/m3   (46)  1.14 (0.65, 2.00)

22 – 32    µg/m3   (51)  1.08 (0.62, 1.86)

32 – 123 µg/m3   (44)  1.04 (0.59, 1.82)

                          (trend p = 0.93)

 



		Palczyński et al. 1999 (Poland) (Tier 2B)

Prevalence survey, n=278, ages 16–65 and n=187, ages 5 – 15 years from 120 households with children (random selection, 10-year old apartments). Participation rate not reported. 

Outcome: American Thoracic Society (1978) questionnaire (physician-diagnosed asthma)

Analysis: Contingency tables

		24-hour household sample (area not specified)

Mean (± SD) (minimum, maximum) 

25.9 (± 10.98) (2.0, 66.8) g/m3

2% > 50.0 g/m3

		Asthma prevalence  4.8%

Exposure category, (n) asthma prevalence:

All children     < 25 g/m3      (101) 5.0%

                     25 – 50 g/m3          (82)  4.9% 

                     50.1 – 66.8 g/m3   (4)  0.0%



Adult results described in Table 1.1.4-2.



		Hsu et al., 2011 (Taiwan) (Tier 2B)

Case-control study, n=9 cases, 42 controls, recruited through kindergartens and day care centers, ages 3–9 years at enrollment. Participation rate 27%  cases, 11% controls) 

Outcome: Initial screening through parent report of history (ages 2–6) with confirmation by clinical examination 

Analysis: Mann-Whitney U-test

		2 hour household sample (bedroom) 

Median (25th, 75th percentile)

Controls 13.8 (4.3, 24.6) ppb

EPA conversion of 75th percentile 24. 6 ppb = 30 g/m3

		Formaldehyde concentrations lower in cases than in controlsc:

(n) Median (25th, 75th percentile) ppb

Controls            (42) 13.8    (4.3, 24.6) 

Asthma cases     (9)    4.3   (3.2, 9.6)

                                      (p=0.03)





		Norbäck et al., 1995 (Sweden) (Tier 2C)

Nested case-control within random population sample, n=47 cases, n=41 controls, ages 20 – 44 (mean 32) years. Participation rate 64% and 57%, respectively, among selected cases and controls. 

Outcome: Cases defined by positive response to: asthma attack in past 2 months, nocturnal breathlessness in past 12 months, or current use of asthma medication.  Controls responded “no” to all three questions. 

Analysis: Odds ratio, adjusted for age, sex, current smoking, wall-to-wall carpets, and house dust mites

		2-hour sample measured in bedroom

Mean (Min, Max)  29 (<5, 110) (g/m3)

Strongly correlated with total volatile organic compounds (correlation coefficient not shown)

Mean duration in home = 6 years (minimum 0.5, maximum 31)

		Mean (minimum, maximum) formaldehyde levels for nocturnal breathlessness:

  With symptom  29 (< 5, 110) g/m3

  Controls             17 (< 5, 60 ) g/m3    

                                   (p < 0.01)

 OR 12.5 (2.0, 77.9) per 10-fold increase in formaldehyde (log-transformed), 

Similar results for volatile organic compounds, and it was not possible to distinguish the effects of formaldehyde and these other compounds.



		a “Tier” reflects evaluation of confidence in study results based on evaluation of risk of specific types of bias.  Details of evaluation shown in Supplemental Material Appendix Table XX-1.  Another Tier 2C study, by Yeatts et al., (2011) included adults and children (combined analysis), and is described in Table 2.  The Tier 2C studies are not included in figures.
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Table 1.2.3-7. Incidence or prevalence of asthma in children in relation to school formaldehyde exposure





		Study and designa

		Exposure measures

		Results



		Smedje and Norback, 2001 (Sweden) (Tier 2B)

Prospective (incidence) study.  1,258 without asthma or allergy at baseline, 56 incident cases of asthma in 4-year follow-up (incidence rate 1.1% per year); 78% participation in follow-up, mean age 10.3 years at baseline. School-based sample; 1st, 4th, and 7th grades

Outcome: Case defined by parent of physician diagnosis of asthma; previous validation study (73% sensitivity, 99% specificity).

Analysis: Odds ratio, adjusted for sex, age, history of atopy, smoking

Related References: Smedje and Norback, 1997 

		Two 4-hour samples in 2-5 classrooms per school; measured in 1993 (n=98) and 1995 (n=101)

mean 8 g/m3, geometric mean 4 g/m3, (min, max) (<5, 72) g/m3. 54% of 1994 samples and 24% of 1997 samples were below detection limit (5 g/m3); median among those above detection limit = 10 g/m3.  Individual student values were based on average of 1993 and 1997 classrooms (< 5 to 42 g/m3)

(Information on percent below detection limit and individual student exposures provided in email from Dr. Greta Smedje to Glinda Cooper, March 22, 2012)

		OR (95% CI) per 10 g/m3:

  total sample:  1.2 (0.8, 1.7)

  with atopy:    0.6 (0.3, 1.3)

  no atopy:       1.7 (1.1, 2.6) 



		Kim et al., 2011 (Korea) (Tier 1)

Prevalence survey, n=1,028, mean age10 years, participation rate 96%. Sampling from 12 schools, 2-3 classes per school. 

Outcome: Asthma based on current use of asthma medication or asthma attack in last 12 months.  

Analysis: Logistic regression, adjusted for age, sex, self-reported pet or pollen allergy, environmental tobacco smoke at home, other home environment (indoor dampness, remodeling, changing floor, age of home)

		7-day samples in classrooms (n=34) and one outdoor area per school (n=12)

Mean (± SD), (minimum, maximum) (g/m3)

  Indoors  27.7 (± 8.3) (16, 47)

  

		Prevalence of asthma   6.9%; 

                      wheeze         8.0%

Indoor levels, OR (95% CI), per 10 g/m3:

 Asthma, current  1.04 (0.78, 1.40)

 Wheeze, whistling, past 12 months 

    1.15  (0.88. 1.50)





		Annesi-Maesano I et al., 201232  France (Tier 1)

Prevalence survey, n=6,683, ages 9-10 years, participation rate 69%.  Sampling from 108 schools, all classes of specified grade level per school.

Outcome: Asthma based on International Study of Asthma and Allergies in Childhood questionnaire

Analysis: Odds ratio, adjusted for age, gender, passive smoking, and paternal or maternal history of asthma or allergic disease





		5-day samples in classrooms

Median (75th percentile) 27 (34) g/m3 (estimated from figure). 

		Prevalence 7.2%, 

OR (95% CI) 

  ≤ 19.1 g/m3    1.0   (referent)

  > 19.1 – 28.4      1.10 (0.85, 1.39)

  > 28.4 – ~55      0.90 (0.78, 1.07)



		Kim et al., 2007 (Sweden) (Tier 2B)

Prevalence survey, n=1,014, ages 5–14 (mean 9) years, participation rate 68%.  Sampling from 8 schools, all grades 

Outcome: Asthma status based on parent report of current asthma (medication use or asthma attack in past 12 months), symptoms in past 12 months (wheeze or whistling in the chest, daytime breathlessness attack at rest or after exercise,  nighttime breathlessness attack)  

Analysis: Odds ratio, adjusted for age and gender.

		6-hour samples in 3 classrooms per school (2-4 weeks after questionnaire).

Mean , (minimum, maximum) 7.13 (3, 16) g/m3

Detection limit 6 g/m3

No or weak correlation (Kendall’s rank correlation test r range 0.03 to 0.09) with temperature, population density, viable bacteria and viable mold. Moderate correlation (r ~ 0.30) with relative humidity, CO2, total microbial volatile organic compounds.

		Prevalence of: 

  Asthma, current            5.9%

   Wheeze, whistling       7.8%

  Daytime attack              4.5%

  Nighttime attack           2.0%

OR (95% CI), per 1 g/m3:

 Asthma, current            not reported

 Symptoms in past 12 months 

   Wheeze, whistling  0.96 (0.87, 1.05)

  Daytime attack       0.96 (0.85, 1.08)

    Nighttime attack    1.03 (0.86, 1.24)

EPA estimated OR per 10 g/m3 for asthma as 1.0 (0.8, 1.2)





		Mi et al., 2006 (Shanghai, China) (Tier 2B)

Prevalence survey, n=1,414, ages 12–17 (mean 13) years, percent with environmental tobacco smoke not reported, participation rate 99%.  Sampling from 10 schools, 3 7th grade classes per school. 

Outcome: Asthma status based on parent report of current asthma (medication use or asthma attack in past 12 months), symptoms in past 12 months (wheeze or whistling in the chest, daytime breathlessness attack at rest or after exercise,  nighttime breathlessness attack)  

Analysis: Odds ratio, adjusted for age, gender, smoking, observed water leakage and indoor moulds

		4-hour samples in 30 classrooms

Mean (±  SD), (minimum, maximum) (g/m3)

  Indoors    9.4 (± 8.9) (3, 20)

Weak correlation (Spearman r ranged from –0.15 to 0.08) with other exposures (NO2 and ozone, indoor and outdoor measurements).  Moderate correlation (Spearman r ~ 0.40) with room temperature and relative humidity.





		Prevalence of: 

  Asthma, current            3.1%

   Wheeze, whistling       3.1%

  Daytime attack            23.0%

  Nighttime attack           2.6%

OR (95% CI), per 10 g/m3:

 Asthma, current            1.30 (0.72, 2.32)

 Symptoms in past 12 months 

   Wheeze, whistling 1.01 (0.56, 1.81)

  Daytime attack       1.09 (0.86, 1.38)

   Nighttime attack    1.26(1.63, 2.53)





		a “Tier” reflects evaluation of confidence in study results based on evaluation of risk of specific types of bias.  Details of evaluation shown in Supplemental Material Appendix Table XX-1. 
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	Symptom Exacerbation Studies  

The previous discussion focused on the association between formaldehyde and risk of developing or having asthma.  A different question concerns the association between formaldehyde and symptom frequency or severity among people with asthma.  This latter population could represent a group with greater susceptibility or vulnerability than the general population.  EPA identified one study that examined symptom exacerbation among children with persistent wheeze (based on parent report, with validation by medical records) (Venn et al., 2003) (Table 1.1.3-8).  This study examined symptoms recorded in daily diaries over the course of 1 month in relation to variability in formaldehyde levels measured within the child’s home (3-day samples from bedrooms). No association was seen with the prevalence of persistent wheeze in this study, but a two- to threefold increased risk of symptoms was seen in this study in the highest quartile of exposure (> 32 µg/m3) compared with < 16 µg/m3 with some evidence of an increased risk at even lower exposures (Figure 1.1.4-5).  This exposure level is lower than the exposure level at which the increased risk of asthma prevalence was seen in the adult studies.  





Figure 1.1.4-5. Relative risk of persistent wheeze and of increased frequency of symptoms among children with wheeze.  Data from Venn et al., 2003; study details in Tables 1.1.3-6 and 1.1.3-8. 

		



Table 1.1.3-8. Exacerbation of asthma symptoms in relation to residential formaldehyde exposure





		Study and designa

		Exposure measures

		Results



		Venn et al., 2003 (United Kingdom)

Nested case-control, n=190 persistent wheeze cases, 214 controls, ages 9 – 11 years.  Participation rate 79% among cases, 59% among controls. 

Outcome: Symptom recorded included daytime and nighttime wheezing, chest tightness, breathlessness, and cough, each measured on 0 to 5 scale 

Analysis: Odds ratio, adjusted for age, sex, and Carstairs deprivation index

		3 day samples in bedroomb

Median ~ 22 µg/m3

Median in top quartile 41.0 µg/m3

		(n cases, percent with frequent symptoms), OR (95% CI), adjusted for age, sex, socioeconomic status:

Frequent nighttime symptoms

< 16       µg/m3   (39, 41%)   1.0   (referent)

20 – 22  µg/m3   (35, 49%)  1.40 (0.54, 3.62)

22 – 32  µg/m3   (36, 53%)  1.61 (0.62, 4.19)

32 – 83 µg/m3   (33, 67%)  3.33 (1.23, 9.01)

                                                (trend p = 0.02)

OR per quartile increase:  1.45 (1.06, 1.98)

Frequent daytime symptoms

< 16       µg/m3   (37, 62%)   1.0   (referent)

20 – 22  µg/m3   (34, 47%)  0.47 (0.17, 1.25)

22 – 32  µg/m3   (37, 73%)  2.00 (0.71, 5.65)

32 – 83 µg/m3 (32, 73%)  2.08 (0.71, 6.11)

                                                (trend p = 0.05)

OR per quartile increase:  1.40 (1.00, 1.94)



		a “Tier” reflects evaluation of confidence in study results based on evaluation of risk of specific types of bias.  Details of evaluation shown in Supplemental Material Appendix Table XX-1. b Maximum and median in top quartile provided in email from Dr. Venn to Glinda Cooper, March 29, 2012.









Incidence Studies, Other Breathing Disorders

	Two studies examined the incidence of breathing disorders in infants or children < age 3 years (Table 1.1.3-9).  Raaschou-Nielsen et al. (2010) is a symptom diary study kept by mothers of infants from birth to 18 months of age.  Rumchev et al. (2002) is a study of emergency room visits for what was characterized as asthma (based on discharge diagnosis); the relatively young age of the children in this study is dissimilar to the typical phenotypic expression of asthma, which generally occurs in school-aged children (REF). Although the breathing disorders included in these studies do not fit within the usual classification of asthma, these immune- and respiratory-related conditions may have implications for subsequent disease risk, and in the case of Rumchev et al. (2002) (emergency room visits), also reflects an outcome with accompanying health care costs.  Rumchev et al. (2002) encompasses a much wider range of exposures compared with the Raaschou-Nielsen et al. (2010) study and with the other residential exposure studies discussed in this section (up to ~ 200 µg/m3), and it is at exposures > 0.050 mg/m3 that effects begin to be seen (Figure 1.1.4-6).







Figure 1.1.4-6. Relative risk of breathing disorders in infants and young children.   Study details in Table 1.1.3-9.

		


Table 1.1.3-9. Incidence of breathing disorders in infants and young children in relation to residential formaldehyde exposure





		Study and designa

		Exposure measures

		Results



		Raaschou-Nielsen et al. 2010 (Denmark)

Birth cohort, n=343, infants of mothers with asthma (83% of 411 enrollees, 90% of 378 who participated through 18 months). 

Outcome: Daily symptom diaries kept from birth to 18 months (reviewed at clinic visit every 6 months), recording of wheezing symptoms affecting activity or sleepb.

Analysis: Odds, ratio, adjusted for sex, area of residence, education of mother and log-transformed baseline lung function

		10-week samples in bedrooms, 1 to 3 sampling periods (at 6, 12, and 18 months of age). Analysis of variance: 31% between and 69% within person.

mean 20.3 g/m3

median 17.7 g/m3

95th percentile 36.7 g/m3

		(n), OR (95% CI) by exposure quintiles.  Outcome = any symptom day:  

< 12.4 g/m3       (67)  1.0  (referent)

12.4–16.3 g/m3 (69)  1.11 (0.47, 2.63)

16.3–20.3 g/m3 (68)  1.21 (0.51. 2.92)

20.3–25.6 g/m3 (71)  1.40 (0.57, 3.47)

>25.6 g/m3        (68)  0.67 (0.29, 1.54) (trend p = 0.49)



		Rumchev et al., 2002 (Austalia)

Case-control, n=88 cases, n=104 controls (health department); ages 6 months to 3 years (mean 25 months for cases, 20 months for controls). Participation rates not reported. 

Outcome: Emergency room discharge diagnosis of asthma

Analysis: Odds ratio, adjusted for age, sex, allergic sensitization to common allergens, family history of asthma, relative humidity, indoor temperature, socioeconomic status, pets, air conditioning, gas appliances, smoking inside, house dust mite levels

Related References: Rumchev et al., 2004

		Two 8-hour measures (winter, summer) in home (living room, bedroom) 

mean (max) (g/m3 )

living room: 27.5 (244)

bedroom:     30.2 (189)

		 (n), OR (95% CI) by exposure categoryb:

 10 – 29 g/m3   (n)   0.95 (0.8, 1.1)

 30 – 49 g/m3   (n)   0.95 (0.8, 1.2)

 50 – 59  g/m3  (n)   1.2 (0.9, 1.6)

≥  60 g/m3      (n)   1.39 (1.1, 1.7)

Per 10 g/m3: 1.003 (1.002, 1.004)

(OR and 95% CI for all categories except ≥  60 g/m3 estimated from figure)



		a “Tier” reflects evaluation of confidence in study results based on evaluation of risk of specific types of bias.  Details of evaluation shown in Supplemental Material Appendix Table XX-1.

b Described as symptoms severely affecting the child’s breathing, such as noisy breathing (wheeze or whistling sounds), breathlessness, shortness of breath or persistent, troublesome cough; focus on lower airways, not including symptoms from simple colds









Acute Exposure – Controlled Chamber Studies –People With Asthma

Most of the acute formaldehyde exposure studies provide little or no evidence of a short-term effect (Table 1.1.3-10).  The studies are relatively small (ranging from 7 to 19 participants) and utilize various measures of pulmonary function (e.g., FEV1, FVC) and airway reactivity.  Only two of these studies included an assessment of the response to an allergen challenge (dust mite om Casset et al 2006; grass pollen in Ezratty et al., 2007).  One of these studies demonstrated reduced PD20 FEV1 after a 30 minute exposures to 32 ug/m3 of formaldehyde compared to controls (54.7 ng vs. 73.2 ng, respectively) (Casset et al., 2006). Formaldehyde exposure also reduced late phase response by 15% in FEV1 in the exposed individuals compared to an 11% reduction among controls.  However, these effects were not replicated in a similar study (Erzatty et al 2007).  Casset et al. (2006) used an aerosol with large particles (Mass Median Aerodynamic Diameter of 11.1 µm) specifically because these large particles are deposited in the upper airways where formaldehyde flux is higher. The size of the particles used in Ezratty et al (2007) was not specified, so it is not possible to discern if this variation in the study protocols affected the results.  



		
Table 1.1.3-10. Controlled acute exposure chamber studies of pulmonary function with formaldehyde exposure among people with asthma





		

		Exposure measures

		Results



		Study and designa

		

		Pulmonary Function

		Bronchial Challenge–Airway Reactivity



		Studies with allergen challenge



		Casset et al. 2006 (Tier 1)

n =19, ages 19-35, nonsmoking, positive IgE to dust mites.

Design: Random assignment to order of exposure (3 weeks apart); double blinded. Mean formaldehyde exposure at home 7 ppm (24 hour sample). Testing pre- and every hour up to 6 hours post-exposure.

		30 minutes, 32 (background) and 92 µg/m3

		No difference in at pretreatment or early post-treatment assessment;  

Late phase response – 

Mean ± SE reduction FEV1:

  Placebo  11 ± 1.6     

  Exposed 15 ± 1.6 (p = 0.046)

		Early phase response – PD20 FEV1 Der p1 

 Mean ± SE; median (ng):

    Placebo   73.2 ± 17.3; 39.7  

    Exposed  54.7 ± 12.6; 28.1 (p = 0.05)





		Ezratty et al., 2007 (Tier 1)

n = 12, ages 18-44, nonsmoking, positive history of pollen allergy. Design: Random assignment to order of exposure (two weeks apart); double blinded. Testing pre- and every hour up to 8 hours post-exposure.

		60 minutes, 0 and 500 µg/m3

		No difference in FVC or FEV1 before or immediately after (data not shown)

		Early phase response –  PD15 FEV1 grass allergen: compared with placebo, higher in 5 and unchanged in 7 after exposure 

Median (range)  index of reactivity:

     Placebo      0.25 (0.10–2.0)

     Exposed     0.80 (0.15– 2.0) (p = 0.06)

Late phase response (8 hours post exposure and allergen challenge)

  PD15 FEV1

     Placebo      0.17 (0.03–4.0)

     Exposed     0.23 (0.01– 3.6) (p = 0.42)



		Studies without allergen challenge



		Harving et al., 1990 (Tier 1)

n=15, ages 15-36, nonsmoking. 

Design: Random assignment to exposure order (one per week); double blinded. Testing pre- and near end of exposure period.

		90 minutes, filtered air (8), 120 and 850 µg/m3

		No difference in:   FEV1     Raw         SGaw

  0.008 mg/m3          100.9   2.21   10.67

  0.12 mg/m3                99.4   2.23   10.63

  0.85 mg/m3         105.0   2.29   11.17

		No difference in challenge test:   PC20 PEF

                                      0.008 mg/m3     0.29 

                                      0.12 mg/m3         0.36 

                                      0.85 mg/m3      0.26 



		Green et al., 1987 (Tier 2)

n=16, ages 19-35, nonsmoking. 

Design: Two 15-minute exercise segments in 60 minute exposure period. Random assignment to order of exposure; single blinded. Testing pre- and during exposure period, ~15 minute intervals.

		60 minute, clean air and 3000 ppb

		No difference in FVC, FEV1, SGaw, or other lung function measures  

   At 55 minutes -  FVC   FEV1      SGaw

  Control                   4.62    3.54    0.114

  3 ppm                       4.56    3.46    0.111

		No difference in challenge test:

                      PD35 SGaw 

  Control             3.69 

  3 ppm               3.86 



		Witek et al., 1987; 1986b (Tier 1)

n=15, ages 18-35, nonsmoking

Design: Two protocols (at rest and during exercise). Random assignment to order of exposure; double blinded. Testing during and at 10 and 30 minutes post-exposure; PEFR assessed from 1 to 24 hours post exposure.

		40 minutes, 0 and 2000 ppb

		Few difference in FVC, FEV1, Raw, or other lung function measures  

At 30 minutes post exposure, resting protocol                 FVC   FEV1      Raw

  Control                   0.82   –0.31  –6.64

  2 ppm                   –2.78     0.60  –3.05

Similar patterns in exercise protocol.

No decline in PEFR over 24 hours in either group

		PD20 FEV1  mean ± SD; median

Pre-exposure    24.0  ± 15.7; 27.4

Post-exposure  13.6  ±  20.5; 3.1

(p = 0.12, but need to redo stat testing)



		Sauder et al., 1987 (Tier 2C)

n=9, ages 29-40, nonsmoking.  

Design: Clean air followed by formaldehyde (one week apart); blinding of participant not specified. Testing during and at end of exposure.

		3 hours, clean air and 3000 ppb

		No difference in FVC, FEV1, SGaw, or other lung function measures  

At 180 minutes -  FVC   FEV1      SGaw

  Control                   4.11    3.02   0.101

  3 ppm                      4.16    3.07   0.106

		No difference in challenge test:



                      PD35 SGaw 

  Control             0.93 

  3 ppm               0.96



		Sheppard et al., 1984 (Tier 2C)

n =7, ages 18-37, nonsmoking

Design:  Two protocols (at rest and during exercise). ≥ 1 day apart; blinding of participant not specified. Testing before and 2 minutes after exposure.

		10 minutes, 0, 1000, and 3000 ppb

		No difference between pre and post SGawc in either protocol:

                   Resting         Exercise 

  Control   –1.0                    1.8

  1 ppm    0.2                        2.2

  3 ppm  not conducted     2.9

		Not assessed



		Krakowiak et al., 1998 (Tier 2)

N=10, ages 23-52, some smokers, with occupational formaldehyde exposure

Design: Single blinded. Testing 2 hours pre- and up to 24 hours after exposure.

		2 hours, 500 µg/m3

		No difference in FEV1 or PEF (mean values shown on graph; no indication of variability in measures)

		No difference in  challenge test (PD20 FEV1) (mean values shown on graph; no indication of variability in measures)



		Double blinded = investigator and participants unaware of which exposure; Single blinded = participants were unaware of exposure. Late phase: between 4 and 6 hours after end of house dust mite bronchial challenge.  PDx= dose required to induce an x% reduction in the specified pulmonary function measure (i.e., PD15 FEV1 = dose required to induce a 15% reduction in FEV1); Raw = airway resistance; SGaw = specific airway conductance (or resistance?) (corrected for lung volume); PEFR = Peak expiratory flow rate. 

a “Tier” reflects evaluation of confidence in study results based on evaluation of risk of specific types of bias.  Details of evaluation shown in Supplemental Material Appendix Table XX-1.

b Witek 1987 is the same subjects as 1986 paper, but with additional results presented in 1987.

c Post- minus pre-exposure SGaw (liters×cmH2O/liter); negative value indicates lower SGaw post-exposure.







Animal Studies

	Respiratory Sensitization

Studies in animals suggest that respiratory formaldehyde exposure increases pulmonary responsiveness in monkeys using a methacholine testing protocol (Biagini et al., 1989) and increases allergen-specific sensitization responses to inhaled allergens (Riedel et al., 1996) (Table 1.1.3-11).  Respiratory formaldehyde exposure enhanced sensitization responses to ovalbumin in guinea pigs and Balb/c mice following respiratory and intraperitoneal immunizations by increasing both the severity of the bronchial reaction as well as the anti-IgG1 and IgE OVA-specific titers (Kita et al., 2003; Liu et al., 2011; Qiao et al., 2009; Riedel et al., 1996; Gu et al., 2008; Tarkowski and Gorski, 1995).  The evidence indicating that formaldehyde exposure does not affect sensitization predominates in studies that exposed animals to an allergen via a non respiratory route, dose with shorter formaldehyde exposures, or did not expose them to any allergen. For example, intraperitoneal sensitization to OVA following short term exposure to formaldehyde reduced lung inflammation and had no effect on anti-OVA IgE (Linos dos Santos Franco et al., 2008; Tarkowski and Gorski, 1995), and respiratory exposure to formaldehyde in the absence of allergen did not induce sensitization responses in guinea pigs or mice (Lee et al., 1984; Sadakane et al., 2002). These data suggest that formaldehyde increases respiratory sensitization to allergens only when they are delivered into the respiratory tract. 



	Dermal Sensitization

Animal studies indicate that formaldehyde exposure in the absence of allergen is associated with increased dermal sensitization (Table 1.1.3-12).  Utilizing the local lymph node assay, formaldehyde exposure dose dependently increased lymph node cell proliferation in mice (Hilton et al. 1998) and rats (Arts et al 1997); a stronger response was seen in the mouse model, which is   the test system recommended by the OECD (REF).  The B-cell cortex region did not proliferate in response to formaldehyde, suggesting that formaldehyde increases dermal sensitization via an IgE-independent response (Arts et al 1997).  Studies in guinea pigs demonstrated that topical exposure to formaldehyde dose dependently increased skin-fold thickness, shortened the onset of erythema (Wahlberg, 1993), and increased the prevalence and severity of erythema (Lee et al, 1984). In addition, IL-4 and IFN-γ was increased in both the spleen and lymph node in the mouse ear swelling test (Saito et al., 2009; Xu et al., 2002). Altogether, these data support a T-cell mediated pathway for increased lymph node proliferation and dermal sensitization responses.



Mode of Action

Studies have demonstrated that formaldehyde-induced hypersensitivity arises from a combination of neurogenic and immunological mechanisms. Tachykinins are released from sensory nerve endings and induce bronchoconstriction. Histamines are pro-inflammatory mediators released by mast cells.  Blockade of the tachykinin NK1 receptor inhibits the vascular leakage mediated by formaldehyde exposure; however, inhibiting the histamine receptor did not affect leakage (Ito et al., 1996). Furthermore, respiratory exposure to concentrations of formaldehyde as low as 0.080 ppm (0.0984 mg/m3) reduce anti-inflammatory neurogenic molecules such as nerve growth factor (NGF) in OVA-challenged mice (Fujimaki et al., 2004). Topical formaldehyde exposure also increases ear inflammation via neurogenic pathways such as the neurogenic inflammatory receptor transient receptor potential vanilloid 1 (TRPV1), NGF, glial cell-derived neurotrophic factor (GDNF), and neurotrophin-3 (NT-3) (Usuda et al., 2012). Altogether, these data support a role for a neurogenic mechanism mediating formaldehyde lung inflammation. 

Several studies identified that a number of proinflammatory immunological cells and their products are increased following formaldehyde exposure. Reactive oxygen species (ROS) are elevated following in vivo and in vitro exposure to formaldehyde (Adams et al., 1987; Dean et al., 1984; Jung et al., 2007; Kastner et al., 2011). Jung et al (2007) demonstrated that eosinophils are another source for ROS in the peripheral blood following a 2 hour formaldehyde exposure to 0.5 mg/m3 (0.41 ppm).  In vitro data suggest that ROS is increased in bronchial epithelial cells and is dependent on both the duration of exposure as well as the concentration of formaldehyde (Kastner et al 2011). Moreover, extending formaldehyde exposures from 2 to 8 hours increased bronchial reactivity in guinea pigs at 0.3 ppm similar to a 2 hour dose of 9 ppm; this underscores the role that duration of exposure plays in formaldehyde airway inflammation (Swiecichowski et al., 1993). 

In addition to ROS, a number of studies have demonstrated that both cytokines and cell phenotypes important for the induction of hypersensitivity responses is also upregulated. Eosinophil activity, IL-4, IL-6, and eicosanoids are all elevated in response to formaldehyde exposure (Liu et al., 2011; Jung et al., 2007; Fujimaki et al., 2004; Sadakane et al., 2002; Lino-dos-Santos-Franco et al., 2010). Three studies demonstrated that exposure to formaldehyde concentrations between 0.4–10 ppm are sufficient to increase eosinophil recruitment in the lung of C57Bl/6 and C3H/He mice (Liu et al., 2011Jung et al., 2007; Fujimaki et al., 2004). Jung et al. (2007) demonstrated that eosinophils are the predominant infiltrate into the lung. Altogether, these data suggest a role for both inflammatory immunological responses and neurogenic mechanisms mediating formaldehyde sensitization.



	




		
Table 1.1.3-11. Animal studies examining respiratory sensitization 





		Reference and study design

		Exposure conditions

		Results



		Pulmonary function testing using methacholine, formaldehyde only



		Biagini et al., 1989

Cynomolgus monkeys, male

9 total 

		Exposed via inhalation mask to 2.5 ppm (3.1 mg/m3) formalin; two weeks, later, pulmonary function measured using methacholine testing (0.125, 0.5, 2.0, and 8.0 mg methacholine at 10 minute intervals in anesthetized animals) 

		↑in pulmonary resistance

Pulmonary flow resistance at 0, 2, 5, and 10 min: 11.3, 16.1*, 16.9*, 20.0* cm H2O/L/sec



		Pulmonary function testing with sensitization to allergen administered via inhalation



		Riedel et al., 1996

 Guinea pig, female

 12 per group



		0, 0.13, 0.25 ppm [0, 0.16, 0.37 mg/m3] formaldehyde, whole body inhalation for 8 hr/day for 5 days

Sensitization: inhalation with 0.5% OVA; OVA boost 2 weeks later.  

Challenge: inhalation with 1% OVA 1 week later.

		Increased airway obstruction in 3, 7, and 10 animals in the 0, 0.13, and 0.25 ppm exposure groups (p< 0.01 for 0.25 ppm to control group). Similar pattern seen with ovalbumin-specific antibodies. 



		Immune response with sensitization to allergen administered through other routes



		Gu et al., 2008

Balb/c mice, female

 6-10 per group

		0, 0.1, 0.8 ppm [0, 0.1, 1.0 mg/m3] formaldehyde whole body inhalation for 24 hr/day, 5 days/wk for  5 weeks

Sensitization: i.p. with 10 µg OVA on days 0 and 7 prior to formaldehyde exposure

		↑ anti-OVA IgE at 0.8 ppm

↑splenic NK cell activity at 0.1 and 0.8 ppm 

 No effect on total IgE or total IgG. 



		Tarkowski and Gorski, 1995

Balb/c mice, female

 4 per group

		0, 2 mg /m3 formaldehyde, whole body inhalation for 6 hr/day for 10 days or 6 hr/day,  1 day/wk for 7 weeks

Sensitization: intranasal with 25µg OVA once/week for 7 weeks or i.p. with 1 µg OVA once/week for 4 weeks.

		↑anti-OVA IgE after 10 day exposure 

No change in anti-OVA IgE after 7 week exposure or after i.p. OVA sensitization



		Lino dos Santos Franco et al., 2009

Wistar rats, male

5 per group

		1% formalin solution whole body inhalation 90 mins/day for 3 days; half of each exposure group was OVA sensitized

Sensitization: immediately post exposure, i.p. with 10 µg OVA; boost 1 week later with s.c. injection.  

Challenge: 1 week later with aerosolized OVA

		Formaldehyde + OVA relative to OVA control: 

↓ total cells, mononuclear, neutrophils, eosinophils 

↑ NO2 BAL concentration

No change in anti-OVA IgE titers 



		Liu et al., 2011

Balb/c mice, male

6 per group

		0, 0.5, 3.0 mg/m3 formaldehyde, whole body inhalation 6 hr/day for 21 days; half of each exposure group was OVA sensitized

Sensitization: intravenous injection with 20 mg [sic] OVA on day 10 and 1

Challenge: 1% OVA 30min/day for 7 days

		3.0 mg formaldehyde/m3 + OVA relative to control:

↑ airway hyperresponsiveness

↑ eosinophils in BALF

↑IL-4, IL-6 in lung tissue



		Qiao et al., 2009

Wistar rats, male

8 per group

		0, 417, 2500 ppb [0, 0.5, 3.1 mg/m3] formaldehyde (formalin solution) 6hr/day for 21 days; half of each exposure group was OVA sensitized

Sensitization: i.p. injection OVA on day 10 and 18

Challenge: 1% OVA 30min/day for 7 days

		417 and 2500 ppb formaldehyde+OVA relative to control:

↑ airway hyperresponsiveness

↑ eosinophils in BALF

↑IL-4 in lung tissue (2500 ppb only)



		Kita et al., 2003

Hartley guinea pigs, male

6-11 per group

		0, 0.1, 1.0% formaldehyde solution transnasally 3 times/week for 6 weeks

Sensitization: i.p. injection with anti-OVA serum on day 38  or i.p. injection with 2mg OVA on day 3; boost on day 24 with 10µg OVA

Challenge: 1.0 mg/ml nebulized OVA 15 minutes after final formaldehyde exposure on day 45

		0.1 and 1.0% formaldehyde +OVA relative to control:

↑ anti-OVA IgG

↑bronchoconstriction



		Sadakane et al., 2002

ICR mice, male

9 per group (Control,  formaldehyde, Der f, formaldehyde + Der f)

		0.5% formaldehyde in saline solution, aerosolized by nebulizer for 15 minutes, 1/week for 4 weeks

Sensitization: i.p. with 3 mg/mL Der f prior to exposure;

i.t. with 10 µg Der f 3 hrs after last exposure; measure 3 days later

		Formaldehyde+ Der f relative to Der f alone:

↑ eosinophil infiltration in lung

↑ goblet cell airway proliferation

		Cytokines  and IgGa

		



Control

		

Formal-dehyde 

		



Der f

		Formal-dehyde +  Der f



		IL-4

		68.1

		59.5

		70.7

		62.3



		IL-5

		4.4

		4.1

		13.6

		21.6*



		RANTES

		200.1

		390.6*

		479.6

		593.3



		IgG1b

		2696

		1711

		23499

		20746



		* p < 0.05 compared with controls or compared with Der F alone



		a units: pg/total lung tissue supernatants. Il-2 and Gm-CSF not detected

b Der-f specific IgG in plasma; IgE not titratable









		Immune response with no sensitization to allergen



		Lee et al., 1984

Guinea pig, male

 4-8 per group 

		Whole body inhalation:

0, 6, 10 ppm  [0, 7, 12 mg/m3] formalin for 6 hr/day for 5 days   (shaven)

0, 10 ppm for 8 hr/day for 5 days (unshaven)

		IgE antibody titer in blood – not detected (days 14 and 22)

After challenge to 2 or 4 ppm formaldehyde, respiratory rates were within ±20% of pre-challenge levels 








		Table 1.1.3-12. Animal studies examining dermal sensitization





		Study and design

		Exposure conditions

		Results



		Lymph Node Proliferation Test



		Hilton et al, 1998

CBA/Ca mice, female

4 per group

		Ear: 0.25%, 0.5%, 1%, 2.5%, 5% formaldehyde with either acetone or dimethylformamide (DMF) vehicle for 3 consecutive days



		↑ proliferative response

Effective concentration inducing a 3 fold increase in lymph node proliferation with 

Formaldehyde in acetone: 0.180 mol/L

  Formaldehyde in DMF:       0.110 mol/L



		Arts et al, 1997

Wistar and Brown Norway (BN) rats, female

4 per group

		Ear: 2.5, 5.0, 10% formaldehyde on days 0, 1, 2

				

		

		Dose Group



		Strain

		Effect

		0

		2.5%

		5%



		Wistar

		LLN weight (mg)

		34.3

		39.5

		46.4*



		

		BrdU+ cells (%)

		4.7

		8.1

		10.8



		BN

		LLN weight (mg)

		39.4

		45

		56.2*



		

		BrdU+ cells (%)

		5.7

		5.8

		11.9



		LLN = local lymph node; 

BrdU = bromodeoxyuridine









		Other Tests



		Lee et al., 1984

Guinea pig, male

 4-8 per group 





		Dermal:

 0 or 74 mg, two divided doses 

 0, 0.012, 0.12, 1.2, 5.1, 9.3 mg (37% formalin, 10%methanol), single dose

Footpad injection:

 0 or 37 mg in complete Freund’s adjuvant

		Dermal exposure: 

↑ contact sensitization (8 of 8 animals)

No change in pulmonary sensitization

Footpad injection:

↑ contact sensitization (4 of 4 animals)

No change in pulmonary sensitization



		Wahlberg, 1993

Hartley guinea pigs

 5 per group

		Dermal: 0.1 ml of 1, 3, 10% formalin once/day for 10 days

		↑ skin fold thickness

Erythema first observed:

Day 2 (10%), Day 5 (3%), Day 6 (1%)



		Xu et al., 2002

Balb/c mice, female

 3-5 per group

		Dermal: 17.5% formaldehyde applied once/day for 3 days

		↑ear swelling response





		Saito et al., 2009

Balb/c mice, female

5-7 per group

		Dermal: 0, 2, 5, 10% formaldehyde once/week for 5 weeks

		↑ ear thickness










Summary of Immune System Effects and Asthma 

Studies in humans and animals support a role for formaldehyde in hypersensitivity responses.  The available evidence in human general population studies and in animals indicates that formaldehyde exposure is related to allergic sensitization.  This evidence includes two studies reporting an exposure-response pattern between formaldehyde exposures and allergy in children, with exposures ranging from < 0.020 to > 0.050 mg/m3 (Garrett et al., 1999; Annesi-Maesano et al., 2012), and one study reporting an exposure-response with atopic eczema, but not with allergic rhinitis, among adults (Matsunaga et al.,2008).  Another study examined the incidence of parent-reported allergies in children, and reported an association with development of pollen allergy (but not pet allergy) in relation to school exposures from < 0.005 to approximately 0.050 mg/m3 (Smedje and Norbäck, 2001).  The other available are limited by a relatively short exposure measurement periods, or by the potential exclusion of sensitive individuals in the workplace and exposure to other respiratory irritants in the comparison population.  Respiratory formaldehyde exposure has also enhanced sensitization responses to ovalbumin administered into the respiratory tract (Riedel et al., 1996; Gu et al., 2008; Tarkowski and Gorski, 1995), but not to ovalbumin administered through other routes of exposure (Linos dos Santos Franco et al., 2008; Tarkowski and Gorski, 1995).  Data from mechanistic studies indicate the potential involvement of inflammatory immunological responses and of neurogenic mechanisms on formaldehyde sensitization.

Animal and human studies also support a role of formaldehyde exposure on asthma.     The four occupational studies provides a strong basis for inferences regarding asthma risk at relatively high exposures (e.g., 0.1 to >0.5 mg/m3) (Malaka and Kodama, 1990; Fransman et al., 2003; Herbert et al., 1994; Neghab et al., 2011).   Two of the three wood worker studies specifically addressed the potential for confounding by dust exposure.  The residential and school-based exposure studies also provide some evidence on increased asthma risk at higher exposures (i.e., above approximately 0.050 mg/m3).  Although there is little evidence of an association at exposures below 0.030 mg/m3, the low statistical power and limited exposure measurement periods used in many of the studies in this exposure range indicates that these studies do not provide an adequate basis for establishing the presence or absence of risk at these lower exposure levels. In addition, there is extensive evidence of formaldehyde-induced decrements in pulmonary function in humans, as discussed in Section 1.1.2, and a study in monkeys also demonstrated increased pulmonary resistance (using a methacholine testing protocol) with an acute (10 minute) exposure to formaldehyde at 2.5 ppm (Biagini et al., 1989).    The other experimental animal evidence pertaining to respiratory sensitization to other respiratory allergens described previously is also potentially relevant with respect to asthma.  Effect modification of increased susceptibility based on genetic factors (evidenced by family history), personal disease history, or by other respiratory irritants is supported by data from some epidemiology studies (Garrett et al., 1999; Matsunaga et al. 2008; Smedje and Norbäck, 2001; Venn et al., 2003; Palcyński et al., 1999; Krzyzanowski et al., 1990), but additional studies designed specifically to examine these interactions are needed to confirm these findings. 
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Asthma in Children:


Studies With Continuous E xposure  Analysis
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 Asthma in Children:


Studies With Categorical  Exposure  Analysis
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Residential  Exposure  Studies,


by Age and Measurement  Period
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Effect Modification of Atopic Eczema Risk in  Adults


by Family History of  Allergy
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A.B.Effect Modification of Risk of Asthma Incidence in Children


by Atopy  Status
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Effect Modification by Disease Status:


 Comparison of Formaldehyde  Associations With Risk of


Persistent Wheeze and Risk of Increased Frequency of


Symptoms Among Children With Persistent Wheeze
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Breathing Disorder Studies In Infants and  Young  Children
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Asthma in Adults:


Worker and Residential  Exposure  Studies
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